Comprehensive and predictive modeling of submicron devices using the traditional TCAD EDA tools of device simulation has become increasingly perplexing due to a lack of reliable models and difficulties in calibrating available device models. This paper proposes a new technique to model BCD submicron pMOSFET devices and to predict device behaviors under different bias conditions and different geometry dimensions by using the adaptive neurofuzzy inference system (ANFIS), which combines fuzzy theory and adaptive neuronetworking. Here, the power of using ANFIS to realize the I-V behaviors is demonstrated in these pchannel MOS transistors. After a systematic evaluation, it can be found that the predicting results of I-V behaviors of complicated submicron pMOSFETs by ANFIS are compared with the actual diagnostic experiment data, and a good agreement has been obtained. Furthermore, the error percentage was no greater than 2.5%. As such, the demonstrated benefits of this new proposed technique include precise prediction and easier implementation.
Introduction
The modeling of semiconductor devices most enables the evaluation of device behavior as a function of bias conditions and device geometry parameters. In general, understanding the physical phenomena underlying device behavior leads to the so-called device SPICE model or physical approach [1] [2] [3] [4] [5] [6] . Eventually, it creates device model that must cover at least one region of device operation, thus producing the problem of how to model the transitions between them. Therefore, in some cases this approach is not applicable or is too complicated because of a lack of understanding of the device physics.
Actually, for example, for the threshold voltage of a MOSFET, this is a minimum gate voltage which can induce enough carriers to support the current. Together, the threshold voltage and the device dimensions form an important parameter of the BSIM model or the HSpice-based MOSFET circuit model used in the circuit simulation of ULSI design. However, the dimensions of the MOSFETs used in ULSI designs have been continuously reduced in order to achieve higher device/circuit density. Moreover, it is well known that the threshold voltage th of a small device will be different from that of a long or wide device due to a combination of the short-channel effect (SCE) [7] [8] [9] , the narrow-width effect (NWE) [10, 11] , the reverse short-channel effect (RSCE) [12, 13] , and the reverse narrow-width effect (RNWE) [14, 15] . Meanwhile, the equations of a MOSFET in HSpice are evolved from Level 1 (Shichman-Hodges model) to BSIM3 Level 49 [16] [17] [18] . Therefore, the -characteristics of MOSFETs cannot be easily expressed by an exact formula in an ULSI circuit simulation. In this context, this work will present a novel method for predicting the characterization of submicrometer pMOSFETs by using a combination of fuzzy theory and a neural network.
In this paper, the ANFIS was developed to solve the problem. This method does not need to assume any fitting parameters, so it can be applied to any physical system. Because fuzzy rules are obtained from human expertise and knowledge, they may sometimes be insufficient and lacking in definition. To improve upon this shortcoming in the fuzzy rules, a neural network algorithm was included in the fuzzy art. This concept included the advantages of both fuzzy control and a neural network system. Using this method, we can add the advantages of a neural network technique, which has learning and calculation ability, into the fuzzy prediction. At the same time, a fuzzy prediction system can also provide a high level of human expertise and fuzzy rules for the neural network. Therefore, a fuzzy system associated with the learning ability of a neural network should lessen the rate of error quite obviously. This architecture is the so-called adaptive neurofuzzy inference system, or ANFIS [19] [20] [21] [22] . In some situations a noise may directly affect one's accuracy to perform a task. Initially, a single noise or a measurement outlier may be reduced by the ANFIS network with the learning and training processes. Of course, some front-end filters or denoising methods are needed and also used for good noise cancellations as using the ANFIS [23] [24] [25] [26] [27] .
The model that was used in this study is based on ANFIS. It was developed to analyze the relation of drain-to-source current ( ) versus different drain-to-source bias voltages ( ) and gate-to-source bias voltages ( ) under different channel lengths ( ) and channel widths ( ) as in the same fabricated process condition. Using this methodology, the model does not need to fit any physical parameters. The device parameters (the weighting and threshold coefficient) may be evaluated during the learning process according to the measured data.
Experimental Details

Obtain the Experimental Results.
In this paper, all of the geometry sizes of the tested devices are listed in Table 1 . These testing samples ( 1 ∼ 10 and 1 ∼ 10 ) were fabricated by the LV process in a 0.4 m BCD technology. The channel width ( ) of the group 1 samples was set to be 2 m, and the channel length was varied from 0.4 m to 3 m (diagnostic 1B DUTs included). The channel length ( ) of the group 2 samples was set to be 0.6 m, and the channel width was varied from 0.5 m to 3 m (diagnostic 2B DUTs included). In the first step, the Keithley 236/2361 system was used to measure every DUT to obtain the experimental -characteristics of drain current under different drainand gate-bias voltages. For avoiding some measurement noises, a long integration time (sampling time) was used to get an average data (filter-like) during the device testing by the Keithley 236/2361 system. Furthermore, all of these experimental data can be treated as the training data and the diagnostic prediction values of drain current ( ). 
Neurofuzzy Inference System Learning.
It is well known that the main problem in MOSFET device modeling is related to the transition from the subthreshold region to the stronginversion region and the transition from the ohmic region to the saturation region. For the simplest situation, a pMOS transistor can be considered a three-terminal device for which two of the terminals (the source and bulk terminals) are grounded. In this situation, the relation of drain current will be a function of two bias variables ( , ). However, it is difficult by using an exact and simple formula to express the involvements. Therefore, in this paper, we have used the idea of the adaptive neurofuzzy inference system (ANFIS) to predict the relation of drain current versus four variables ( , , , and ) in pMOSFET devices. The ANFIS training procedure is described in Figure 1 . First, four input parameters were treated as the training data. After training using ANFIS, we were able to obtain the prediction value of drain current . Figure 2 shows the ANFIS architecture; it includes five layers: the fuzzier layer, product layer, normalize layer, trigger layer, and sum layer.
Results and Discussion
In this study, the measured results of samples 3 , 7 , 10 , 4 , C h a n n e l le n g t h ( m ) C h a n n e l le n g t h ( m ) C h a n n e l le n g t h ( m ) percentage of the predicted results was not greater than 0.1% when they were compared with the experimental data. Channel length ( m) are also addressed in Figure 8 . As shown, highly consistent results were obtained, and the error percentage was no greater than 2.5%. Channel width ( m) 
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Conclusion
This paper presents a novel application of ANFIS-based device characteristic prediction that can handle both geometry dimension and bias voltage inputs. From the above results, it can be seen that there was good agreement between the final prediction data and the measured data of diagnostic DUTs. Thus, it is also shown that the ANFIS can demonstrate the complicated device characterization of a submicron pMOSFET in a highly effective manner. Then, this paper provided a new methodology to predict the complex relation of characteristic behaviors under different geometry dimension of pMOSFET devices. This methodology is excellent for expressing the characteristic behaviors of pMOSFET devices and it can be easily used in complicated submicron devices. Meanwhile, the ANFIS system has the ability to learn quickly and has fast convergence speed, and it does not need to find the transition function or states equation of the prediction system. Therefore, all Advances in Fuzzy Systems the measured data can be treated as the training data in ANFIS. Furthermore, this novel technique does not require any assumed parameters, so the same procedure could easily be applied to analyze or predict other complicated physical behaviors in ULSI simulations.
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